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Abstract 

In liquid rocket combustion devices, mixture formation is one of the most important processes because it determines 
combustion efficiency, stability, and heat transfer characteristics. The swirling gas and liquid flows in Gas-Centered 
Swirl-Coaxial Injectors (GCSC) injectors lead to high-quality atomization achieved but with some drawbacks of 
non-uniformity of flow intensity and mixture composition. We are currently performing numerical simulations in 
GCSC Injectors geometries that have exhibited some spray non-uniformities when tested at particular operating 
conditions. Based on validations of previous work in simulations of a round jet, we solve the unsteady RANS equa-
tions with the well-known VOF model for the handling of the liquid and gas phases while comparing the perfor-
mance of two 1st order turbulence models (k-ε and k-ω) and one 2nd order turbulence model (RSM). The main objec-
tive is to evaluate their ability to reproduce the non-dimensional fuel (liquid) film length response to momentum flux 
ratio. Preliminary results indicate that the Reynolds Stress Model predictions are comparable to those obtained with 
the Standard k-ε model, nevertheless the former is capable of predicting some liquid-gas instabilities and shedding 
frequencies that the latter is not able to capture. When compared to the actual experiments, all turbulent models un-
der-predict the liquid film length, but the performance of the Standard k-ω model is rather questionable. 
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Introduction 

Gas-Centered Swirl Coaxial (GCSC) injectors are 
of interest for rocket applications, especially in engines 
using liquid hydrocarbon fuels and oxidizer-rich pre-
burning cycles. Previous studies on evaluating possible 
design criteria have found that ensuring good atomiza-
tion performance while allowing some throttling of the 
engine requires keeping their operation above a certain 
gas-to-liquid momentum flux ratio. Nevertheless, un-
iformity, in space and time, of the resulting spray is also 
important for successful operation. Under certain condi-
tions, GCSC injectors have been found to produce non-
uniform sprays, particularly atomization departing from 
the centerline and also pulsing [1]. 

In recent years, the Air Force Research Laboratory 
has focused on fundamental studies of GCSC injectors 
that have found some evidence indicating that observed 
spray non-uniformities might be linked to the relation-
ship between the liquid film and spray behavior [1]. In 
general, evaluating the performance of GCSC injectors 
through experimentation and testing is relatively time 
consuming and requires significant economic resources. 
Multiple geometry and flow rate combinations (mo-
mentum flux ratios) need to be reviewed and compared. 
Therefore, having the ability to predict injector perfor-
mance using modeling and simulations can reduce the 
cost of rocket engine development [2]. In terms of in-
jector design, such cost reduction can be significant if 
current or newly developed models are validated by 
replicating the GCSC injectors test data with some de-
gree of accuracy, particularly, if the numerical models 
have a degree of generality. 

To the best of our knowledge, the most recent at-
tempt to fully model the behavior of gas-centered swirl 
coaxial fuel injectors is due to Trask et al. [3]. The au-
thors implemented an Eulerian two-phase model to 
represent the liquid and gas interactions in the injector 
as well as the atomization processes occurring at the 
rough interface. They found that limiting turbulent mix-
ing via the Schmidt number predictions could fairly 
replicate the experiments but concluded that the actual 
mechanism for limiting the mixing should be coming 
from the turbulence closures and not from the liquid 
flux closure. They used a modified form of the two eq-
uation k-ε model as the former and indicated that the 
stabilizing effect that swirl has on turbulence cannot be 
resolved through a linear eddy viscosity model, sug-
gesting that more appropriate models, such as an alge-
braic or differential Reynolds Stress model could poten-
tially yield similar results while using more typical val-
ues for the mass transfer constants. 

 
Motivation – Round Jet Experiment Replication 

As part of the investigation, we simulated a turbu-
lent round jet chamber experiment [4] validating the 

referenced report findings regarding the performance of 
the k-ε model, see Figure 1. Nevertheless, we hypothe-
sized that turbulence models predicting a lower spread-
ing rate would perform better in replicating the Gas-
Centered Swirl-Coaxial Injectors experiments. There-
fore, we compared the predictions of several turbulence 
model combinations focusing on the spreading rate of 
the jet near the exit. The models that predict the lowest 
average spreading rate in the non-dimensional axial 
distance equivalent to the injector length are the k-ω 
and the Reynolds stress model (RSM), see Figure 2. 

 
Figure 1.  Round Jet Spreading Rate [4]. 

 

Figure 2.  Near Exit Round Jet Spreading Rate. 
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Numerical Procedure 
We are solving the unsteady RANS equations with 

the well-known Volume of Fluid (VOF) model for the 
handling of the liquid and gas phases while comparing 
the performance of two 1st order turbulence models 
(Standard k-ε and k-ω) and one 2nd order model (Rey-
nolds Stress Model or RSM). For the near wall ap-
proach to turbulence, we are using the enhanced wall 
treatment (EWT) and the standard wall functions 
(SWF). 

 
Geometry, Grid Detail, and Boundary Conditions. 

 
Figure 3. Actual Injector Cup Geometry. 

 
The ongoing numerical analysis has focused on the 

ONPNTN injector cup geometry depicted in Figure3. 
The modeling domain includes an enlarged inlet port 
and an extended exit ‘chamber’, Figure 4. The intent of 
adding an inlet port is to smooth out any perturbation 
associated with the mass flux boundary condition while 
any possible backflow from the liquid recirculation at 
the injector lip is not numerically limited. Similarly, the 
objective of extending the injector beyond the mini-
mum geometry is to isolate the injector exit from the 
recirculation flow that normally occur in these round jet 
related applications (recirculation flow does not carry 
information on turbulent quantities) minimizing the 
‘numerical reflection’ effect that occurs when prescrib-
ing the pressure at the outlet of the domain. 

Regarding boundary conditions, all solid surfaces 
are defined as no-slip walls, the ‘water’ is injected into 
the liquid port by prescribing the liquid velocity profile 

at the inlet including the swirl velocity when applicable, 
the ‘gas’ enters the domain by prescribing the mass flux 
profile (the product of the density and the axial veloci-
ty) and turbulent quantities at the gas post, and the stat-
ic pressure at the outlet. 

 
Discretization Scheme and Solver Algorithm 

To define the discretization scheme to be used, we 
performed multiple tests (starting with a simple case of 
an inkjet printer nozzle [5]) to evaluate the stability of 
the droplets and liquid interface during unsteady simu-
lations and found that the second order “Quick” scheme 
works best, particularly when combined with the “Geo-
Reconstruct” scheme for the Volume of Fluid (VOF) 
interface tracking. Other discretization schemes, partic-
ularly the first order type are extremely dissipative and 
smear considerably the interface. 

In terms of the solver algorithms, using the “Geo-
Reconstruct” scheme for the VOF requires the use of 
the explicit solver to advance the solution in time. The 
drawback of using the explicit solver is that such ap-
proach required much smaller time steps to guarantee 
that a converged and stable solution is obtained during 
each fractional time step (Global Courant number crite-
ria [5]). In theory, this limitation can be overcome by 
using the implicit approach which is more stable and 
allows flexibility in terms of the time step size. Never-
theless, during the liquid-gas interface stability evalua-
tions mentioned above we found that this approach also 
exhibits smearing of the interface due to artificial nu-
merical dissipation as the flow time progresses in addi-
tion to being more computationally expensive (when 
compared to the explicit solver with equal time steps 
for a specific test case). Therefore, ongoing simulations 
are being performed with the explicit approach and 
fractional step temporal discretization with non-
iterative time advancement acknowledging that given 
the high velocities of the gas phase coupled with the 
fine grid resolution required, the criteria for stability 
demands a time step size in the order of 10-7 s. 
 

 

 
Figure 4. ONPNTN Injector Geometry with Extended Inlet/Outlet Domains (grid enlargements shown) 
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Grid Validation - Grid Convergence Analysis 
To estimate an appropriate mesh size for all simu-

lations, a grid independence study following the work 
of Roache [6] was done for a nitrogen mass flow rate of  
0.0567 kg/s at operating conditions (no liquid injec-
tion). In this particular case rather than paying attention 
to the values themselves, we focused on how they 
changed as the mesh was refined particularly in the 
spreading zone of the jet near the wall of the injector. 
Figure 5 presents the mesh progression use for the si-
mulations. Simulations performed with the standard k-ε 
model were performed in predominantly uniform grids 
as depicted in Figure 5a. Simulations performed with 
the k-ω and RSM models were performed in a mixed 
mesh with local refinement along the injector cup (liq-
uid port and injector lip), Figure 5b. 

 

 
Figure 5a. Uniform Mesh Progression 

 
Figure 5b. Mixed Meshing - Localized Refinement 

Figure 5. 
Mesh Progression (2D), 25x~250 µm; 200x ~ 30 µm 
 

Figure 6a and 6b show the axial and radial velocity 
profiles predicted for the gas leaving the injector with 
the standard k-ε model. The criteria established by 
Roache [6] to evaluate methodically the grid resolution 
is the use of the Grid Convergence Index or GCI. Based 
on the axial velocity, the grid size ‘50x’ is already satis-
factory as the GCI is only 1.4%. On the other hand, the 
resolution of the radial velocity requires a finer grid, the 
grid size ‘100x’ was selected as further refinement to 
‘200x’ results in a GCI of 1.2%. In terms of turbulent 

kinetic energy and dissipation, Figures 6c and 6d, the 
GCI is 0.27% and 0.60% respectively. 
 

  
Figure 6a. Figure 6b 

  
Figure 6c Figure 6d 

Figure 6. Grid Independent Analysis for the Standard 
k-ε turbulence model case. 
 

A similar analysis was conducted to establish the 
base meshing for the cases to be run with the Standard 
k-ω and RSM models. Figure 7a and 7b show the axial 
and radial velocity profiles predicted for the gas within 
the injector (roughly in the middle section) and the 
standard k-ω model. The grid size ‘50x’ is again al-
ready satisfactory as the GCI is only 0.86%. On the 
other hand, the GCI for the radial velocity is 14%, a 
rather large value, requiring further refining with the 
grid size ‘100x’ deemed acceptable as the projected 
GCI for going to the ‘200x’ size is 2.75%. In terms of 
turbulent kinetic energy and specific dissipation, Fig-
ures 7c and 7d, the GCI was already 2.7% and 1.8% 
respectively. For the actual mesh used for the simula-
tions, ‘25x200x’, the GCI ranges from 0.46% to 3.39%. 
Comparable results were obtained for the solutions with 
the RSM model. 
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Figure 7a. Figure 7b 

  
Figure 7c Figure 7d 

Figure 7. Grid Independent Analysis for the Standard 
k-ω turbulence model case. 
 
Preliminary Results 
Volume of Fluid Contour Plots 

Figures 8, 9 and 10 which appear at the end of this 
paper present the liquid volume fraction predictions for 
each turbulence model combination, no swirl and swirl. 
To the naked eye, it is clear that the Standard k-ω mod-
el is the one that promotes larger turbulent mixing as 
there is no significant liquid film length.  Similarly, all 
predictions indicate that the addition of swirl appears to 
stabilize the liquid-gas interface extending the liquid 
film length with the exception of the Standard k-ω 
model. The most relevant aspect is the fact that the pre-
dictions with the Standard k-ε turbulence model appear 
to have a better definition of the liquid-gas interface 
than any other of the two models. Nevertheless, this 
fact is most likely related to the discretization scheme 
than the turbulence model itself. In Figure 11 (found 
after the text of the paper), we compare the solutions 
obtained with Standard k-ε turbulence model with those 
obtained with exactly the same modeling and discreti-
zation approach except for the advancement of the VOF 
tracking interface. The liquid film length  and interface 
definition is comparable in all time frames presented 
with the exception that all ligaments and droplets are 
dissipated when the Geo-reconstruct discretization 
scheme is not used. 
 
Non-Dimensional Liquid Film Length. 

Based on the water VOF contours predicted by 
each turbulence model combination, we estimated the 

non-dimensional film length by averaging the film 
length of random time frames per each simulation. Ta-
ble 1 presents a good estimate of the non-dimensional 
film length ratio calculated as outlined in Lightfoot [7] 
including the standard deviation. 

Overall the predictions are well short of the values 
observed in the experiments, see Figure 12. Regarding 
the effect of the turbulence model on the predictions of 
the film length, the RSM model and the Standard k-ε 
appears to be in agreement. Both indicate that the addi-
tion of swirl increases the film length. On the other 
hand, the predictions of the Standard k-ω model are 
completely opposite indicating that the effect of the 
swirl is to reduce significantly the film length. 

MODEL L/τ (σ) 
k-ε, no swirl 0.67 (0.37) 
k-ε, swirl (Geo-reconstruct) 3.50 (0.57) 
k-ε, swirl (Second Order Upwind) 4.21 (0.48) 
k-ω, no swirl 1.12 (0.83) 
k-ω, swirl 0.60 (0.74) 
RSM, no swirl 1.36 (0.83) 
RSM, swirl 3.14 (1.27) 

Table 1. Non-dimensional predicted liquid film 
length 

 

 
Figure 12. Non-dimensional film length vs. MFR [7] 
 
Unsteadiness Analysis 
Injector Exit Instantaneous mass flow rate predictions 

The reasoning behind analyzing and comparing the 
mass flow predictions among turbulence models is that 
the magnitude of such flow rate is directly correlated 
with the amount of liquid that instantaneously crosses 
the exit plane of the injector.  Due to the fact that the 
liquid is roughly 1000 times more dense, any 
small/large ligament or droplet will generate a ‘spike’ 
in the mass flow rate signal that is essentially liquid.  
Upon observation of the unsteadiness predicted for the 
behavior of the liquid-gas interface in preliminary runs, 
it is more certain that the magnitude of such spikes is 
correlated with the size of the ligaments predicted to 
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shed from the liquid-gas interface. One of the signifi-
cant aspects observed in the experiments [7] regarding 
the behavior of the interface is the presence of low fre-
quency pulsations. Such pulsations would significantly 
affect the performance of the injector in the actual ap-
plication; hence the importance of exploring the ability 
of the numerical modeling in predicting such unsteadi-
ness. 

Figure 13 presents the comparison among predic-
tions for the swirl versus no swirl case for the Standard 
k-ε turbulence model with the EWT approach as near 
wall treatment. There is no significant difference in the 
signals. Both present the highly intermittent nature of 
the liquid droplets or ligaments leaving the injector. 

 
Figure 13. Injector Exit Instantaneous mass flow rate 
predictions, Standard k-ε with ewt turbulence model. 

mg = 0.0567 kg/s, ml=0.0327 kg/s, Vs ~3.9 m/s; 
Po ~ 104 kPa. (MFR ~ 280) 

 
Figure 14 presents the predictions for the swirl case 

when comparing discretization methods for tracking the 
interface, Geo-reconstruct versus Second Order Upwind 
(SOU) schemes, using the Standard k-ε/EWT turbu-
lence model combination. The ‘SOU’ simulation started 
as a ‘Geo’ simulation but was switched to the ‘SOU’ at 
a flow simulation time of 0.023 s. It is clear that the 
most relevant aspect is the ‘damping’ effect of the 
‘Quick’ scheme in the amount of mass flow rate 
‘spikes’ and their magnitude in the time sequence. 

 

 
Figure 14. Injector Exit Instantaneous mass flow rate 
predictions, Standard k-ε with ewt turbulence model. 

Geo reconstruct versus Second Order Upwind discreti-
zation approach for the VOF. 

mg = 0.0567 kg/s, ml=0.0327 kg/s, Vs ~ 3.9 m/s; 
Po ~ 104 kPa. (MFR ~ 280) 

 
To scrutinize further the Injector Exit Instantane-

ous mass flow rate predictions we performed a Fast 
Fourier Transform (FFT) on both signals. Figure 15 
presents both frequency spectrums. As expected, the 
‘Geo’ predictions create a richer spectrum in terms of 
amplitudes particularly on the higher frequency end. 
Nevertheless, neither signal shows a significant ‘reso-
nant’ or ‘peak’ value that could point to a predominant 
unsteady phenomenon indicative of liquid-interface 
shedding. Given the sampling size and the time step of 
the calculations, 10-7 s, the frequency bins are 19.07 Hz. 

 

 
Figure 15a. Frequency spectrum diagram, VOF ‘SOU’ 
discretization. 

 
Figure 15b. Frequency spectrum diagram, VOF ‘Geo-
Reconstruct’ discretization. 
Figure 15. Comparing frequency spectrum diagrams of 
the Injector Exit Instantaneous mass flow rate predic-
tions as signal for the swirl case, Standard k-ε with ewt 
turbulence model. 
 

SOU
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Figure 16 presents the predictions using the Stan-
dard k-ω turbulence model for both swirl and no swirl 
cases. At the beginning of both simulations the VOF 
discretization method is set to the ‘Geo-reconstruct’ 
scheme. The rest of variables are solved with the 
‘Quick’ scheme. In both cases, swirl and no swirl, the 
VOF discretization scheme was switched to the ‘Quick’ 
quick at flow simulation times 0.014 s. and 0.017 s. 
respectively (while the liquid traveling interface has not 
left the injector liquid port yet). Both signals are rela-
tively similar as they also show the ‘damping’ effect of 
the ‘Quick’ scheme in the amount and magnitude of the 
mass flow rate ‘spikes’ in the time sequence. 
 

 
Figure 16. Injector Exit Instantaneous mass flow rate 

predictions, Standard k-ω turbulence model. 
mg = 0.0567 kg/s, ml=0.0327 kg/s, Vs ~ 3.9 m/s; 

Po ~ 104 kPa. (MFR ~ 260-270) 
 

Similarly, to scrutinize further the Injector Exit In-
stantaneous mass flow rate predictions we performed a 
FFT on both signals, swirl and no swirl. Figure 17 
presents both frequency spectrums. As expected, both 
predictions create a similar spectrum frequency distri-
bution particularly on the higher frequency end. Never-
theless, in contrast to the Standard K-ε turbulence mod-
el predictions, the Standard K-ω model predictions 
create signals that show a significant ‘resonant’ or 
‘peak’ value probably pointing to an unsteady pheno-
menon indicative of liquid-interface shedding. In the 
case of the no swirl, the signal presents two ‘resonant’ 
frequencies; one high value of approximately 2400 Hz 
and a medium value of 170 Hz. In the swirl case, the 
high value of 2400 is still present but the 170 Hz is 
‘damped’ out. Like in the previous spectrum frequency 
analysis, the frequency bins are 19.07 Hz. 

 

 
Figure 17a. Frequency spectrum diagram, Swirl Case. 
 

 
Figure 17b. Frequency spectrum diagram, No Swirl 

Case. 
Figure 17. Spectrum frequency of the Injector Exit 

Instantaneous mass flow rate predictions. 
Standard k-ω turbulence model 

 
Figure 18 presents the predictions using the RSM 

model with the SWF functions for near wall treatment 
for both swirl and no swirl cases. At the beginning of 
both simulations the VOF discretization method is set 
to the ‘Geo-reconstruct’ scheme. The rest of variables 
are solved with the ‘Quick’ scheme. Like previous cas-
es, the VOF discretization scheme was switched to the 
‘Quick’ scheme soon after the simulations started, at a 
flow simulation time of 0.018 s. for the no swirl case 
and 0.011 s. for the swirl case (again while the liquid 
traveling interface has not left the injector liquid port). 
Both signals are relatively similar but in the swirl case 
the ‘dampening’ effect is accentuated. Although the 
time sequence is much shorter, it is clear that in the 
overlapping range the amount and magnitude of the 

2400 Hz2400 Hz Swirl

170 Hz 2400 Hz No Swirl



mass flow rate ‘spikes’ is significantly lower than the 
no swirl case. 

 

 
Figure 18. Injector Exit Instantaneous mass flow rate 

predictions, RSM/SWF turbulence model. 
mg = 0.0567 kg/s, ml=0.0327 kg/s, Vs ~ 3.9 m/s; 

Po ~ 104 kPa. (MFR ~ 270) 
 

As we have done with previous mass flow rate sig-
nals, we performed a FFT on both signals, swirl and no 
swirl. Figure 19 presents both frequency spectrums. As 
expected, the no-swirl predictions indicate a richer 
spectrum in terms of amplitudes particularly on the 
higher frequency end. In contrast to the Standard K-ω 
turbulence model predictions, the RSM/SWF predic-
tions only show significant ‘resonant’ or ‘peak’ values 
in the no swirl case at 340 Hz and 800 Hz. In the swirl 
case these values are ‘damped’ out, indeed there is no 
predominant frequency. Given the shorter time se-
quence, the sample size for the same time step size of 
10-7 s. limited the frequency bins to 38.15 Hz. for the no 
swirl case and 79.30 Hz for the swirl case. 

 

 
Figure 19a. Frequency spectrum diagram, Swirl Case. 
 

 
Figure 19b. Frequency spectrum diagram, No swirl 
case. 
Figure 19. Spectrum frequency of the Injector Exit 
Instantaneous mass flow rate predictions. 
RSM turbulence model with SWF. 
 
 
Near Injector Lip VOF liquid fraction transient analysis 

An alternative to analyze the mass flow rate fluctu-
ations at the injector exit would be evaluating how the 
models predict the unsteadiness of the liquid film by 
‘observing’ the liquid-gas interface behavior looking 
for intermittency and shedding. Given the small time 
step of the simulations, it would be extremely challeng-
ing to directly observe water VOF contour plots frame 
by frame (even as an animation). We decided to moni-
tor the instantaneous liquid fraction in multiple loca-
tions within the domain with the hope that sudden 
changes in its value would be indicative of capturing 
oscillations and shedding of such interface. 

Figure 20 compares the predicted water VOF near 
the injector lip that separates the liquid and gas ports, 
see insert on the Figure for the specific location, in the 
case of the Standard k-ω turbulence model for both 
cases swirl and no swirl. There are four clear ‘spikes’, 
values above 0.5 and/or near 1.0, for the no swirl case 
in the time sequence while there is only one single val-
ue above 0.5 in the swirl case. What is clearly signifi-
cant is that the liquid VOF ‘spikes’ are clearly distinc-
tive from the rest of the signal in the no swirl case with 
the first three separated by approximately the same time 
interval, 0.024-0.026 s., pointing to a possible shedding 
frequency predicted in the range of 38-42 Hz. The liq-
uid VOF low predicted values for the swirl case, al-
though with significantly more non-zero values along 
the time line than the no swirl case, do not indicate that 
the liquid-gas interface dips into the injector lip. 

 

Swirl

800 Hz No Swirl340 Hz



 
Figure 20. Near Injector Lip liquid VOF predictions, 

Standard k-ω turbulence model. 
mg = 0.0567 kg/s, ml=0.0327 kg/s, Vs ~ 3.9 m/s; 

Po ~ 104 kPa. (MFR ~ 260-270) 
 

Similarly,  Figure 21 compares the predicted water 
VOF near the injector lip for the RSM/SWF turbulence 
model combination for both cases swirl and no swirl. 
There are multiples ‘spikes’, values above 0.5 and/or 
near 1.0, for the no swirl case in the time sequence 
while there is literally none in the swirl case. These 
predictions are really in contrast to the Standard k-ω 
turbulence model predictions. The RSM/SWF model 
combination predicts that the addition of swirl would 
entirely suppress the presence of liquid near the injector 
lip. The presence of multiple ‘spikes’ in the no swirl 
case requires an analysis via FFT. 

 

 
Figure 21. Injector Exit Instantaneous mass flow rate 

predictions, RSM/SWF turbulence model. 
mg = 0.0567 kg/s, ml=0.0327 kg/s, Vs ~ 3.9 m/s; 

Po ~ 104 kPa. (MFR ~ 270) 
 

Figure 22 presents the frequency spectrum for a fil-
tered near lip water VOF signal (only values above 0.5 
were considered in the analysis). There are three clear 
dominant frequencies, 76 Hz., 340 Hz. and 880 Hz. The 
analysis is significant because it might be an indication 
of the liquid-gas interface ‘dipping’ into the injector lip 
at a frequency of 76 Hz. pointing to liquid shedding at 
this frequency value. The higher frequencies of 340 Hz. 
and 880 Hz. could be simply harmonics of the lower 
dominant frequency. 

 

 
Figure 22. Near Lip water VOF Frequency Spectrum, 
RSM/SWF model predictions, no swirl case. 
 
Discussion 

When compared to the experiments, all predictions 
result in shorter film lengths. Nevertheless, the present 
analysis indicates that the Standard k-ω turbulence 
model clearly over-predicts the turbulent mixing at the 
liquid-gas interface. And either the Standard k-ε model 
or the RSM model perform better. 

In terms on liquid film length intermittency and 
liquid-gas interface stability, The RSM model appears 
to be more consistent in predicting liquid shedding near 
the injector lip as the two methods employed to quanti-
fy such effect coincide in the estimated frequencies 
(340Hz and ~ 800Hz). All models predict that the effect 
of swirl is to ‘damp out’ liquid instability although the 
Standard k-ε predictions fail to indicate a predominant 
shedding frequency (based only on the analysis of the 
instantaneous mass flow rate at the exit). 

The minimum predicted shedding frequency of 76 
Hz is still relatively high when compared with observed 
frequencies of the order of 20 Hz. Nevertheless, we 
should point out that the simulations have not run long 
enough to be able to capture such low frequency values. 
Multiple tests have confirmed the stability criteria re-
quiring a time step in the order of 10-7 s for the operat-
ing conditions of the injector. 

One particular aspect we should mention is the ef-
fect of the discretization schemes. While using the 
‘Geo-reconstruct’ scheme preserves better the liquid-
gas interface, the added stability (in terms of computing 
stability) of the Second Order Upwind might be benefi-
cial in exploring further the capabilities of the Reynolds 
Stress model in replicating the experiments. 

In the next phase of this investigation, we will ex-
plore further the capabilities of the RSM model in rep-
licating the experiments as the overall results indicate 
than it might be better suited to the problem at hand that 
the Standard k-ε. The Standard k-ω model appears not 

~0.0264 s. ~0.0240 s.

880 Hz No Swirl

76 Hz

340 Hz



be up to par with the much simpler and robust Standard 
k-ε.  
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Figure 8. Contours of Liquid Volume Fraction. K-epsilon Turbulence Model. 
No Swirl versus Swirl, mg = 0.0567 kg/s, ml=0.0327 kg/s, Vs ~ 3.9 m/s., Po ~ 104 kPa (MFR ~ 270) 
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Figure 9. Contours of Liquid Volume Fraction. K-omega Turbulence Model. 
No Swirl versus Swirl, mg = 0.0567 kg/s, ml=0.0327 kg/s, Vs ~ 3.9 m/s., Po ~ 104 kPa (MFR ~ 270) 
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Figure 10. Contours of Liquid Volume Fraction. RSM turbulence model with SWF treatment predictions. 
No Swirl versus Swirl, mg = 0.0567 kg/s, ml=0.0327 kg/s, Vs ~ 3.9 m/s., Po ~ 104 kPa (MFR ~ 270) 
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Figure 11. Contours of Liquid Volume Fraction. K-epsilon Turbulence Model. 
Geo-Reconstruct versus Second Order Upwind Discretization. 

mg = 0.0567 kg/s, ml=0.0327 kg/s, Vs ~ 3.9 m/s., Po ~ 104 kPa (MFR ~ 270) 
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